The adsorption behavior of α-octithiophene (8T) on the Au(111) surface as function of 8T coverage has been studied with lowtemperature scanning tunneling microscopy, high resolution electron energy loss spectroscopy as well as with angle-resolved twophoton photoemission and ultraviolet photoemission spectroscopy. In the sub-monolayer regime 8T adopts a flat-lying adsorption geometry. Reaching the monolayer coverage the orientation of 8T molecules changes towards a tilted configuration, with the long molecular axis parallel to the surface plane, facilitating attractive intermolecular π-π-interactions. The photoemission intensity from the highest occupied molecular orbitals (HOMO and HOMO-1) possesses a strong dependence on the adsorption geometry due to the direction of the involved transition dipole moment for the respective photoemission process. The change in molecular orientation as a function of coverage in the first molecular layer mirrors the delicate balance between intermolecular and molecule/substrate interactions. Fine tuning of these interactions opens up the possibility to control the molecular structure and accordingly the desirable functionality.
Introduction
Organic molecules are promising candidates for applications in optoelectronic devices, for example in organic photovoltaic cells (OPVC) 1, 2 , organic light-emitting diodes (OLEDs) 1, 3 or organic field effect transistors (OFETs) [3] [4] [5] . Due to their semiconducting properties, oligothiophenes show a high potential for the above mentioned applications. The variation of the chain length of these π-conjugated compounds allows to tune their optical and electronic properties [6] [7] [8] [9] [10] . For instance, it has been shown by high resolution electron energy loss spectroscopy (HREELS) that the size of the gap between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) can be tuned by the number of thiophene rings 11 . So far, the longest unsubstituted α-oligothiophene which has been synthesized is the α-octithiophene (8T). It possesses the highest carrier mobility in the class of unsubstituted oligothiophenes 12, 13 .
It is well-known that the properties of interfaces between active layers are crucial for the performance of optoelectronic devices. For oligothiophenes it has been shown that the orientation of the molecules is of particular importance 14 especially for the light emission/absorption and charge transport properties. Intermolecular interaction competes with molecule/substrate interaction both defining the adsorption geometry and the arrangement of the molecular film and ac-cordingly the electronic structure of the system. For instance, α-sexithiophene (6T) has been found to form well-ordered films with molecules flat-lying on Au films while tilted by about 70 • with respect to the surface plane on Ag and Cu films, respectively 15 . Since the quality and the properties of these interfaces are substantially dominated by the adsorption of the first molecular layer, it is important to gain detailed information on its geometry. Although the adsorption behavior of 6T on different metal surfaces has been intensively studied [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , so far only two recent scanning tunneling microscopy (STM) studies investigated the adsorption of 8T on Cu(111) 26 and Au(111) 27 . In the latter we analyzed the adsorption behavior ranging from single molecules to the first two layers of 8T on Au(111). Thereby, we proposed that the molecular adsorption geometry is changing from flat-lying 8T in the sub-monolayer regime to a tilted geometry in the first monolayer. However, no conclusive prove on the adsorption geometry of 8T/Au(111) on the basis of the STM results could be given.
In the present contribution we utilized complementary experimental techniques, namely STM, HREELS, as well as two-photon photoemission (2PPE) and ultraviolet photoemission spectroscopy (UPS) in order to obtain a comprehensive picture on the adsorption behavior of 8T on Au(111) as a function of 8T-coverage. We found that 8T adopts a planar (flat-lying) adsorption geometry in the low-coverage regime (≪ 1 monolayer, ML), whereas for higher coverage (≈ 1ML) the molecules realign to a tilted configuration, with the long molecular axis parallel to the surface. This variation in geometry is accompanied by a change in the photoemission intensity from the HOMO and HOMO-1 due to the modification in the 1-6 | 1 direction of the transition dipole moment for photoionization.
Experimental Section
All experiments were performed under ultrahigh vacuum (UHV) conditions (base pressure 10 −10 mbar) using three different setups, each holding one of the complementary experimental techniques used in this experiment: scanning tunneling microscopy (STM), high resolution electron energy loss spectroscopy (HREELS), and two-photon photoemission (2PPE) spectroscopy.
The Au(111) surface was prepared by repeated cycles of Ar + sputtering (1.5 keV, 5 µA/cm 2 ) followed by annealing at 800 K. 8T molecules (Advanced Technology and Industrial Co., Ltd.) were first out-gassed in vacuum for several hours and then evaporated from an organic molecular beam effusion cell held at 510 K at a substrate temperature of 300 K.
The STM (Createc based design) was operated typically at 15 K to obtain high-resolution topographic data. Topographic data were acquired in the constant current mode, with typical tunneling resistances in the range of 10-104 MΩ.
The HREEL spectra were recorded at a sample temperatures of 100 K, in both specular (θ i = θ r = 60 • ) and offspecular (θ i = 53 • ; θ r = 60 • ) scattering geometries. The energy of the primary electrons was set to 3.5 eV, with an overall resolution around 3.1 meV measured as the full-width at halfmaximum of the elastic peak. In specular scattering geometry, the spectral signal contains both dipole-and impact-scattering components. The selection rule for dipole-scattering at metal surfaces is the same as that for infrared reflection absorption spectroscopy. This means that only vibrations with a nonvanishing component of the dipole moment change normal to the metal surface are observable. Thus making HREELS ideal for characterizing the geometrical structure and predominant orientation of adsorbates. To distinguish between dipoleand impact-scattering components, off-specular spectra arising only from impact-scattering were obtained at an incident angle of 53 • (corresponding to 7 • off-specular), keeping the angle of the reflected beam unchanged.
For the 2PPE measurements a tunable femtosecond (fs) laser system, consisting of a Ti/sapphire oscillator in combination with a 300 kHz regenerative amplifier, was used. It supplies pulses with a central wavelength of 830 nm. Twice performed frequency doubling of the fundamental beam in β -barium borate (BBO) crystals yields pulses with a photon energy of 6 eV. Furthermore is the output used to pump an optical parametrical amplifier (OPA), which yields photons with a tunable energy in the range from 1.7 to 2.7 eV. Through frequency doubling in a BBO crystal, the photon energy range from 3.4 to 5.4 eV is achieved. After thorough temporal compression, pulses with a duration around 60 fs are obtained. These are focused onto the sample under an angle of 45 • with respect to the surface normal. Photoelectrons are detected in a custom-built time-of-flight (TOF) spectrometer and are analyzed with respect to their kinetic energy (E kin ). The energy resolution of the TOF spectrometer depends on the kinetic energy of the electrons, it is 20meV at E kin = 1 eV (for details see Ref. 28, 29 ).
Results and discussion
We first studied the adsorption behavior of 8T in the sub-and monolayer regime with STM. It has been shown that in the sub-monolayer regime 8T molecules adsorb preferentially at the step edges and the fcc packing regions of the reconstructed Au(111) surface without forming ordered islands or exhibiting any other indication of self-assembly. The sub-molecular resolution STM image of a single molecule, as shown in Fig.  1 (a), exhibits 8 regular maxima which are related to the 8 thiophene rings within the molecule 27 . In the monolayer regime 8T possesses a well-ordered and densely packed structure in which the molecules are aligned in rows parallel to each others backbone as shown in Fig.1(b) . The formation of selfassembled layers with rising coverage implies the development of attractive intermolecular interactions in contrast to the sub-monolayer regime and may be related to a reorientation. The high resolution STM image of 1 ML 8T on Au(111) ( Fig.1(b) ) shows only 4 dark depressions per molecule instead of the 8 observed for the single molecules. This observation may be attributed to a change in adsorption geometry from planar, flat-lying molecules in the sub-monolayer regime to a tilted configuration in the monolayer. The latter would allow for attractive intermolecular π − π-interaction (π-stacking).
Note that the 8T bilayer exhibits the same structure as the ML 27 .
To gain a deeper insight into the adsorption properties of 8T on Au(111) as a function of coverage we performed angular dependent HREELS measurements (Fig. 2) . The HREEL spectra shown in Fig. 2 (a) and (b) are recorded in specular and off-specular geometry. For a sub-monolayer coverage
n(ring) ( Fig. 2 (a) ), the specular spectrum is dominated by three very intense features, which can be assigned to out-of-plane vibrations, namely the ring deformation (γ(ring): 441 cm −1 ) and to C-H deformation modes (γ(C-H): 674 cm −1 , 774 cm −1 ), respectively. The vibrational frequencies and the assignments are listed in Table 1 together with the literature values of vibrational modes of condensed 8T 30 . In off-specular scattering geometry these features become very weak indicating that their intensities are predominantly originating from dipolescattering. In-plane modes of 8T located in the energy range between 1000-1500 cm −1 in the infrared spectrum of con- densed 8T 30 are not observed in HREELS, whereas the outof-plane modes are strong. This leads to the clear indication that 8T adopts a planar geometry in the low-coverage regime.
When increasing the coverage towards one monolayer, the number of vibrational modes visible in the spectrum rises significantly, pointing towards a change in the molecular adsorption geometry (see Fig. 2(b) ). In detail, the observation of dipole active in-plane modes in the energy region between 1000-1500 cm −1 such as the C=C symmetric and asymmetric stretch modes (ν s (C=C): 1441cm −1 ; ν as (C=C): 1482cm −1 ), the C-H bending mode (σ (C-H): 1065 and 1229 cm −1 ), and the symmetrical stretch vibration of the C-H group (ν s (C-H): 3057 cm −1 ), demonstrates that the molecules are tilted with respect to the substrate. Fig. 2(c) represents a comparison between HREEL spectra recorded in specular scattering geometry for a sub-ML and a ML 8T. In addition to the presence of dipole active in-plane modes at a coverage of 1 ML, the out-of-plane modes at 441, 674, and 774 cm −1 loose intensity compared to the sub-ML spectrum, which also underline the coverage dependent reorientation. Thus from the vibrational analysis we conclude that 8T molecules change their adsorption geometry from flat-lying in the sub-ML regime to a tilted geometry when reaching a monolayer coverage.
Generally, the molecular adsorption structure is governed by the strength of adsorbate/substrate interaction, viz. the electronic coupling strength and adsorbate/adsorbate interaction. The formation of well-ordered, densely packed rows with increasing 8T coverage indicates that at higher coverage attractive intermolecular interactions prevail in comparison to the sub-monolayer regime. The rise of attractive forces is associated with a molecular rearrangement from a flat to tilted adsorption geometry, allowing for intermolecular π − π-interaction (π-stacking). By comparison, in the case of thiophene on Au(111) as well as on Ag(111) and Cu(111) it has been shown that the angle between the molecular plane and the surface increases with rising coverage, which has been attributed to intermolecular π − π-interaction 31 . Contrary, α-sexithiophene (6T) on Au(111) adopts in both the sub-ML and monolayer regime a planar, flat-lying adsorption geometry 18, 19 . The reason for the different adsorption behavior between 8T and 6T on Au(111) is not obvious since at least the electronic structure of both molecules on Au(111) is very similar 27, 32 . However, this demonstrates that with fine balance between intermolecular interactions and molecule/substrate interactions the molecular structure can be varied, resulting in desirable functionalities.
The change in adsorption geometry as a function of 8T-coverage can also be observed by two-photon photoemission as will be shown in the following. Figure 3 (a) shows angulardependent two-color 2PPE measurements recorded with 2.18 eV and 4.36 eV photons at 0.5 ML 8T/Au(111). At this coverage the molecules are still flat-lying. Two dominant features are observed and on the basis of photon energy dependent measurement (data not shown here), we can assign them to occupied or unoccupied electronic states. The broad feature around E Final − E F = 6.12 eV contains contribution of the Shockley surface state (SS) located at -0.42 eV with respect to E F and the n=1 image potential state (IPS) at 0.6 eV below the vacuum level (corresponding to 3.98 eV above E F ) 28 . Note that both states show a dispersion. The peak at E Final − E F = 5.78 eV is an occupied state located at -0.78 eV, which we attribute to photoemission from the HOMO of 8T 27 . When turning the sample toward negative angles (see Fig. 4 (a) ) the electric field of the incoming p-polarized light becomes more perpendicular to the molecular backbone of the flat-lying 8T, and obviously the photoemission intensity from the HOMO increases. It has been shown that the photoemission yield (I) from a respective state can depend on the angle of incidence of the laser pulses. Thus, I should be proportional to the square of the projection of the electromagnetic field vector E light onto the transition dipole moment for photoionization µ ion : I ∝| E light .µ ion | 2 33 . This reveals that the transition dipole moment for the photoemission from the HOMO is oriented nearly perpendicular to the molecular backbone. Figure 4 (b) displays a set of UPS spectra taken with 6 eV photons at various 8T coverages. The spectrum at 0.05 ML shows a sharp feature labeled as SS at a binding energy of -0.48 eV with respect to E F , which is associated with the Shockley surface state 28 . At higher coverages SS is quenched and new features appear. The peak labeled SS' at a binding energy of -0.3 eV is the surface state of the adsorbate-covered Au(111) surface. Its binding energy and dispersion (not shown here) is consistent with results obtained from other adsorbatecovered Au surfaces 28 . In addition two peaks are observed at binding energies of -0.8 and -1.1 eV which we attribute to photoemission from the HOMO and HOMO-1, respectively. Most striking is the opposed behavior of the photoemission inten- sity arising from the HOMO and HOMO-1 when increasing the amount of molecules. The photoemission intensity from the HOMO decreases while it increases for the HOMO-1 with rising coverage. As demonstrated above, when increasing the coverage toward the monolayer regime the absorption geometry of 8T on Au(111) changes from flat-lying to a tilted configuration. Thus, the angle between the incoming p-polarized laser beam and the molecular plane increases and I HOMO decreases. Contrary, the increase of I HOMO−1 shows that the photoionization transition dipole moment of the HOMO-1 lies parallel to the molecular backbone.
To corroborate our interpretation we applied symmetry selection rules (Laporte selection rule (i.e., a dipole transition is only allowed when the initial and final state have opposite parity) for planar all-trans conjugated 8T with C 2h symmetry 34 ). The HOMO and HOMO-1 can be assigned to molecular orbitals with B g and A u symmetry, respectively (see Fig. 4 (b) ). In the low coverage regime where the 8T molecules lie flat on the surface, normal emission is allowed for the HOMO but forbidden for the HOMO-1, which does support our data. In the case of the higher coverage regime where the molecular plane is now tilted relative to the substrate plane, as well as to the detector, transition from the HOMO-1 is not forbidden anymore and emission from the HOMO can still occur, however with a lower probability (see figure 4 (a) ). A further increase of the photoemission intensity from the HOMO-1 for coverages above 1 ML may be attributed to a higher number of molecules present on the surface. Note that also final state effects influence the photoemission intensities 35 .
Finally, it can be seen in figure 3 (b) that with increasing coverage the HOMO shifts by 40 meV toward lower binding energies, while the HOMO-1 shifts by 70 meV to a higher binding energy. To explain these effects we have to look at the Kohn-Sham orbitals shown in Fig. 4(b) , which are calculated at the M06/cc-pVDZ level 36,37 using Gaussian09 38 . The HOMO appears to be located along the π-bonds in the plane of the molecule, thus the electronic coupling of this state is stronger in the sub-monolayer regime when the 8T molecules lie flat on the surface and decreases with rising coverage since the 8T molecules change their adsorption geometry. In contrast, the HOMO-1 is partially located at the sulfur atoms. This leads to a stronger electronic coupling in the tilted molecular configuration due to the thiophilicity of the Au surface.
Conclusions
In summary, the adsorption behavior of α-octithiophene (8T) on Au(111) as a function of coverage, ranging from the submonolayer to monolayer regime has been analyzed with scanning tunneling microscopy (STM) and high resolution electron energy loss spectroscopy (HREELS). At a sub-monolayer coverage 8T molecules adsorb in a flat-lying adsorption geometry. Reaching the monolayer (ML) coverage the molecules realign forming a well-ordered film with the molecules are tilted with respect to the surface plane. This geometry permits attractive intermolecular π − π-interaction. The change in the adsorption geometry with increasing coverage has also been followed in photoemission experiments, namely ultraviolet photoemission spectroscopy (UPS) and angle-resolved two-photon photoemission (2PPE). The photoemission intensity from the HOMO and HOMO-1, which are located at -0.8 and -1.1 eV with respect the the Fermi level, exhibited a strong dependence on the adsorption geometry due to the direction of the involved transition dipole moment for the respective photoemission process. In addition the energetic position of both the HOMO and HOMO-1 shifted as the molecular orientation with respect to the surface changed. This effect has been explained by the different electronic coupling of the particular electronic state with the gold substrate.
Due to the change in the adsorption geometry as a function of 8T coverage, it is very interesting to gain insights into charge carrier dynamics at the interface between 8T and Au(111) as a function of the molecular orientation. The dynamics of charge carriers are of particular relevance for the performance of molecule-based optoelectronic devices.
